ABSTRACT. We analyzed paleomagnetic samples and documented the stratigraphy from two sections near Miles City, Montana to determine the geomagnetic polarity stratigraphy and to constrain the age and duration of the Lebo and Tongue River Members of the Fort Union Formation in the northeastern Powder River Basin. The resulting polarity sequence can be correlated to subchrons C29n-C26r of the geomagnetic polarity time scale. By interpolating measured sediment accumulation rates from the base of C28r to the top of C27n, and then extrapolating to the top of the Tongue River Member and the bottom of the Lebo Member, we developed two age models to estimate the durations of the Lebo and Tongue River Members. Based on the first model, which uses different sedimentation rates for the Lebo and Tongue River Members, we estimate the duration of deposition of the Lebo to be between 1.30 and 1.74 million years and of the Tongue River to be between 1.42 and 1.61 million years. Using the second model, which uses the same sedimentation rate for the Lebo and Tongue River Members, we estimate the duration of deposition of the Lebo to be between 1.33 and 1.76 million years and of the Tongue River to be between 1.00 and 1.25 million years. Our results indicate a decrease in sediment accumulation rates in C27r, which is likely the result of a 0.26 to 0.62 million-year long depositional hiatus in the middle of C27r, represented by the Lebo-Tongue River contact. This unconformity occurs ϳ2 million years earlier than previously suggested and is likely contemporaneous with unconformities in the Williston Basin and in southwestern Alberta, suggesting that it may be regionally significant.
. Many of the Paleocene sequences in North America have used mammalian biochronology (North American Land Mammal Ages or NALMA) (for example, Archibald and others, 1987; Lofgren and others, 2004) or pollen biostratigraphy (for example, Nichols and Ott, 1978; Nichols, 2003) to estimate the ages of the strata. However, the reliance on biostratigraphy to date patterns of faunal or floral change is somewhat circular. To fully assess rates of floral and faunal speciation and regional patterns of radiation following the K-Pg extinction, and to understand long-term trends of terrestrial climate change during the Cretaceous and early Cenozoic, geological sections with independent age control are vital.
In the northeastern corner of the Powder River Basin, a sequence of early to middle Paleocene rocks is exposed in a series of badlands near Miles City, Montana ( fig. 1 ). These primarily terrestrial, fluvial deposits have been the focus of several paleontological and stratigraphic studies (for example, Leonard, 1907; Collier and Smith, 1909; Williams, ms, 1988; Vuke and others, 2001; Belt and others, 2002; Vuke and Colton, 2003; Belt and others, 2004; Wilf and others, 2006; Vuke and others, 2007; Peppe, ms, 2009 ) However, the Lebo and Tongue River Members of the Fort Union Formation are only constrained to the early and middle Paleocene based on lithostratigraphy and biostratigraphy and there are few estimates for the age of each member. Further, although there is evidence for an unconformity in the region at the LeboTongue River contact (Belt and others, 2004) , thus far the unconformity and its duration are poorly constrained geochronologically. This has direct bearing on the age of the fossils within the Lebo and Tongue River Members, and for correlations to early and middle Paleocene strata in the other North American Paleogene basins, such as to correlative strata in the adjacent Williston Basin ( fig. 1 ).
In this study we document the stratigraphy of the Lebo and Tongue River Members of the Fort Union Formation exposed at Signal Butte and Cowboy Mesa near Miles City, Montana, and determine the geomagnetic polarity stratigraphy of the sections. We then correlate the polarity stratigraphy of the members to the Geomagnetic Polarity Time Scale (GPTS) and estimate the age and duration of deposition of each member. Finally, we use estimates of sedimentation rates and the polarity stratigraphy to document the age and duration of an unconformity at the LeboTongue River contact and correlate the Powder River Basin strata to contemporaneous rocks in the Williston Basin. This work provides age estimates for the Lebo and Tongue River Members of the Fort Union Formation in the northeastern Powder River Basin, and constrains the age of the unconformity at the contact between the two members.
previous work

Lithostratigraphy
The Paleocene Fort Union Formation is widely exposed across the Powder River Basin in eastern Montana and eastern Wyoming and the Williston Basin in the western Dakotas. The Powder River Basin is bounded by the Bighorn Mountains on the west and the Black Hills on the southeast (Foster and others, 1969; Curry, 1971; Blackstone, 1981; Dickinson and others, 1988) . The boundary between the Powder River Basin and the adjacent Williston Basin is somewhat arbitrary, but most workers have placed the boundary at the Miles City arch and its extension northwest to the Yellowstone River ( fig. 1 ) (for example, Dickinson and others, 1988; Brown, 1993; Belt and others, 2002; Belt and others, 2004) .
Most of the previous work in the Powder River Basin has been focused in the northwestern, central, and southern parts of the basin (for example, Stone and Calvert, 1910; Rogers and Lee, 1923; Bryson and Bass, 1971; Ayers, 1986; Hanley and Flores, 1987; Warwick and Stanton, 1988; Rice and Flores, 1991; Nichols and others, 1992; Brown, 1993; Nichols, 1994; Rice and others, 2002; Nichols, 2003; Vuke and others, 2007) . In the northeastern corner of the Powder River Basin near the Miles City Arch, the coal fields were intensely studied at the turn of the century for their mineral potential (Leonard, 1907; Collier and Smith, 1909; Bowen, 1910; Herald, 1910; Rogers, 1911; Calvert, 1912) . Subsequently, the surface and phy of the Fort Union Formation and divided it into unnamed upper and lower stratigraphic members. They noted that the lower member was comprised of alternating beds of claystone, sandstone, and lignite and had a "general dark-gray or somber hue" (Collier and Smith, 1909, p. 40 ) and the upper member was characterized by fine-grained, relatively homogeneous, yellow-colored strata. Given their stratigraphic descriptions, the upper member is probably the Tongue River Member and the lower member probably represents the Lebo and Tullock Members. There is a transition from lighter colored sandstone and shale beds with rare, thin lignite beds to gray and blue sandstone and shale beds with abundant, thick lignite beds at ϳ50 m above the base of their stratigraphic section in Collier and Smith's (1909) stratigraphic description of the lower member. This suggests that the lowermost ϳ50 m of Collier and Smith's (1909) lower member is probably correlative to the Tullock and the uppermost ϳ90 m is correlative to the Lebo Member.
Later, Belt and others (2004) measured the thickness of the Lebo and Tongue River Members of the Fort Union Formation at Signal Butte and correlated the sections to Lebo and Tongue River strata eastward in the Terry Badlands and the Pine Hills areas of the westernmost Williston Basin. Based on a series of paleo-valleys in the Terry Badlands and Pine Hills areas, the stratigraphic position of palynostratigraphic zone P3 (see Nichols, 2003) , and a
40
Ar/ 39 Ar date from Signal Butte at 53 m in the Cowboy Mesa section (Appendix 1), they proposed that the Lebo-Tongue River Member contact was unconformable and occurred at ϳ63.5 Ma. The duration of the unconformity was not estimated.
Magnetostratigraphy
No paleomagnetic studies in the Paleocene Fort Union Formation have been undertaken in the northeastern Powder River Basin. However, several studies of the Hell Creek Formation and the Ludlow Member of the Fort Union Formation have been conducted in the adjacent Williston Basin in Montana and North Dakota, and in Paleocene rocks in southwestern Alberta, Canada. The first magnetostratigraphic study of lower Paleocene sediments in the area was carried out by Archibald and others (1982) , who recognized two normal-polarity intervals bracketing a reversed-polarity interval containing the K-Pg boundary. They identified black, opaque minerals in the sediments, interpreted to be either magnetite or titanomagnetite, which they inferred to be the detrital remanencebearing mineral. The section was later correlated to the GPTS and related to C30n-C28n by Swisher and others (1993) . Additionally, Swisher and others (1993) recognized the detrital remanence-bearing mineral to be intermediate-composition titanohematite. Lerbekmo and Coulter (1984) completed a small magnetostratigraphic section in central Montana and related a reversed-polarity interval spanning the K-Pg boundary to C29r. Lund and others (2002) conducted rock-magnetic analysis and studied the magnetostratigraphy of four sections in central North Dakota and eastern Montana. They made regional correlations of the Hell Creek-Fort Union formational contact and identified the primary detrital magnetic mineral as hemo-ilmenite. Hicks and others (2002) conducted a magnetostratigraphic and geochronologic study of the K-Pg boundary in southwestern North Dakota. They located the position of C29r in six stratigraphic sections and recalibrated the age of the K-Pg boundary. Peppe and others (2009) studied the magnetic mineralogy and magnetostratigraphy of the Hell Creek Formation and the Ludlow Member of the Fort Union Formation. They correlated the polarity stratigraphy of the interval to C30n-C27r, and demonstrated that the principal magnetic carrier of the Ludlow Member was titanomaghemite. In southwestern Alberta, Lerbekmo and Sweet (2000) studied the magnetostratigraphy of Paleocene strata, identifying C29r-C26r, and related the magnetostratigraphy to pollen biostratigraphy. Lerbekmo and Sweet (2008) conducted a magnetostratigraphic study of the Paleocene Coalspur and Paskapoo Formation in Alberta and recognized the interval C29r-C24r. fig. 2 ). At both sections we dug continuous trenches deep enough to expose fresh bedrock and bedding contacts. Both sections were measured to the nearest centimeter; and the lithology, grain size, stratigraphic thickness, sedimentary structures, and any biological features such as root traces or fossil leaves were documented for each stratigraphic unit (Appendix 1). The Lebo Tongue River contact, which occurs in both sections (see discussion below), was used as the reference datum for correlating the sections. We collected paleomagnetic samples at regular intervals from both stratigraphic sections. At Cowboy Mesa, forty-seven horizons were sampled with a mean interval of 1.8 m (maximum interval: 4.06 m; minimum interval: 0.3 m). At Signal Butte, thirty horizons were sampled with a mean sampling interval of 1.5 m (maximum interval: 5.8 m, minimum interval: 0.5 m).
Paleomagnetic Analyses
We collected three to four paleomagnetic block samples from each sampling horizon. A flat face was shaved on the in situ specimen with a hand rasp, and the strike and dip orientation of the face was measured with a Brunton pocket transit compass. We collected samples from a range of lithologies from fine sandstone to mudstone. In the laboratory, the block samples were hand cut with a diamond bit saw into ϳ10 cm 3 cuboids. We measured samples at Yale University using an automated three-axis DC-SQuID magnetometer housed inside a three-layer magnetostatic shield with a background field typically less than 200 nT. The samples were demagnetized using a combined alternating-field (AF) and thermal demagnetization strategy (Schmidt, 1993; Peppe and others, 2009) , in which heating steps Ͼ100°C were performed in a nitrogen atmosphere to minimize oxidation reactions. All samples were first given a low-AF pre-treatment to remove any low-coercivity viscous or isothermal remanence. Ten to twenty thermal demagnetization steps were performed from 75°C to the maximum unblocking temperature (typically 250-400°C) on at least one sample from every horizon. The other samples from each horizon were treated by step-wise AF demagnetization. In general, AF demagnetization results were similar to thermal demagnetization. Progressive thermal or AF demagnetization was carried out until the magnetic intensity of the samples fell below noise level, or more commonly, as the measured directions became erratic and unstable.
Extensive rock magnetic work on Paleocene sediments in the Williston Basin carried out by Peppe and others (2009) showed that the dominant magnetic carrier is titanomaghemite with a minor secondary component of goethite. Low-field magnetic susceptibility versus temperature curves showed predominantly irreversible behavior and in some samples there was an inflection in the curves at ϳ180 to 200°C indicating titanomaghemite. SEM analysis, anhysteretic remanent magnetization, and magnetic hysteresis analysis were all consistent with the interpretation of titanomaghemite. The magnetic carrier, titanomaghemite, is interpreted to be detrital because (1) the deposits are clearly fluvial in origin and bear little evidence for diagenesis, (2) the remanent directions calculated from the sedimentary samples are scattered, but consistent with those expected for the Paleocene of North America, and (3) the paleomagnetic pole direction determined from the calculated directions is slightly far-sided relative to the Earth's rotation axis, suggesting potential inclination shallowing. IRM acquisition values of samples and thermal demagnetization data suggested an additional variable presence of goethite. The goethite present in the samples was interpreted to be the result of secondary precipitation related to water penetration in the sediments. Arrows on great-circle determinations indicate the direction that samples were moving when the last stable point was measured. The composite polarity stratigraphy for both sections (black is normal, white is reversed) is related to the geomagnetic polarity time scale of Ogg and Smith (2004) on the far right of the figure.
The demagnetization behavior of samples from the Lebo and Tongue River Members analyzed in this study is identical to that observed by Peppe and others (2009) in Fort Union Formation sediments in the adjacent Williston Basin. This demagnetization behavior, coupled with low-field magnetic susceptibility versus temperature curves of samples from Signal Butte that show predominately irreversible behavior (D. J. Peppe, unpublished data), suggests that the dominant magnetic carrier in the sediments from Signal Butte and Cowboy Mesa is also likely detrital titanomaghemite with a minor secondary component of goethite.
The characteristic remanence for samples with quasi-linear trajectories was isolated using principal-component analysis (PCA) (Kirschvink, 1980) . Best-fit lines were calculated when a minimum of three consecutive demagnetization steps that had a maximum angle of deviation (MAD) less than 20°and trended toward the origin ( fig.  3 ). Specimens that were analyzed by great circles were used if they had a MAD less than 20°( fig. 3 ). Data from specimens that had erratic demagnetization behaviors were excluded. The site-mean direction of each horizon with three or more directions that were calculated by PCA, was determined using Fisher statistics (Fisher, 1953) . Site means that had an alpha-95 (a95) greater than 35°, exceeding the cut-off value based on the randomness criteria of Watson (1956) were not used.
It was not possible to calculate statistically significant site means from all sampling horizons; therefore, reversal boundaries were placed at the stratigraphic midpoints between samples of opposing polarity (table 1, fig. 2 ). The stratigraphic position of each reversal was calculated relative to the base of the Cowboy Mesa section (the Tullock-Lebo contact) (table 1, fig. 2 ). The reversals can be placed with a resolution of 1.1 to 3.7 m, depending on spacing dictated by the suitability of lithologies for paleomagnetic sampling. The resulting polarity stratigraphy was then correlated to various Paleocene geomagnetic polarity time scales (GPTS) (see below).
results
Lithostratigraphy
There are marked sedimentological differences between the Lebo and Tongue River Members at Cowboy Mesa and Signal Butte. At Cowboy Mesa, the Lebo Member is 89 m thick, and the lithologies are dominated by drab-colored mudstone, silty mudstone, carbonaceous shale and lignite beds ( fig. 2, fig. 4 , Appendix 1). Most of the Lebo is also exposed on Signal Butte. However, the entire member was more easily trenched and measured on Cowboy Mesa, and thus we focused our stratigraphic study of the Lebo at Cowboy Mesa. The basal contact of the Lebo Member is a thick (Ͼ1 m) lignite bed. There is a considerable lithologic change below this thick lignite bed from buff-colored sediments characteristic of the Tullock Member to drab-colored beds characteristic of the Lebo Member. Given that the lignite is at the member contact between the Tullock and Lebo Members it may be the C-coal (for example, Collier and Smith, 1909; Rogers and Lee, 1923) . However the term "C-coal" has applied regionally to all thick lignites near or at the Tullock-Lebo contact making it impossible to confidently correlate the lignite at Cowboy Mesa to the type C-coal bed of Collier and Smith (1909) . Mudstone and silty mudstone beds are the dominant lithologies, making up more than 40 percent of the total thickness of strata. These beds typically show some evidence for pedogenesis including rooting or burrowing, iron-staining, pressure faces, and rare slickensides and mottling. These fine-grained beds are laterally variable in thickness and lithology. The clay fraction in the finer-grained beds of the Lebo Member is primarily smectite (Belt and others, 2004) . Fine and very fine-grained sandstone beds make up 14 percent of the total strata and commonly have sedimentary structures such as ripples and cross-bedding, indicating that they were likely fluvial, channel deposits. The lignite and carbonaceous shale beds, which make up 35 percent of the strata, often form packages of sediment Ն1 m thick that are typically very laterally continuous. Fossil leaves are common in the mudstone, silty mudstone, and carbonaceous shale beds (Peppe, ms, 2009) .
The basal unit of the Tongue River Member is a laterally continuous, 120 cm thick calcareous sandstone unit with current ripples and abundant burrows. This bed is exposed (Belt and others, 2004) . In addition to the basal burrowed bed, there are multiple units with intense burrowing and bivalves. These burrowed horizons have been interpreted to represent marine or brackish facies (Belt and others, 2004) . Some of the siltstone and silty mudstone beds have small rhizomorphs, suggesting some limited pedogenesis. There are rare, thin lignite beds in the Tongue River, as well as relatively thin channel sandstone deposits with cross bedding and ripples. Fossil leaves are present in siltstone beds in the Tongue River, but are considerably less abundant than in the Lebo Member (Peppe, ms, 2009 ). There is a significant difference in the fossil leaf species present in the Tongue River and Lebo Members (Peppe, ms, 2009 ). The notable lithologic and color differences between the Lebo and Tongue River Member strata ( fig. 2, fig. 4 ), the difference in fossil leaf species present in both members (Peppe, ms, 2009) , and the presence of the basal burrowed bed in the Tongue River Member make the contact between the two members at Cowboy Mesa and Signal Butte easily recognizable. 
Magnetostratigraphy
Many specimens' demagnetization trajectories turned toward the origin after a few steps and were fully demagnetized by 250 to 400°C ( fig. 3) . A subset of the samples had demagnetization trajectories that were best characterized by a great circle, and thus only a plane containing the characteristic component of the samples was defined ( fig. 3 ). We measured 190 samples from 75 sampling horizons that passed our selection criteria. Thirty-five of the sampling horizons passed our site-mean selection criteria (that is, sites with three or more samples that could be used to calculate a site mean with an alpha-95 value of less than 35°). Data from all lines and the site means at each statistically robust sampling horizon (alpha-95 value of less than 35°) are plotted on the equal-area projections in figure 5 (see Appendices 2 and 3 for data from all specimens and site means). Paleomagnetic directional data for each polarity zone were determined based on best-fit line calculations (table 2). Because some sites yielded more than one line at a single sampling horizon, the polarity-zone directional data may be susceptible to type I statistical error (spuriously high precision of the mean). However, (Fisher, 1953) . (C) Equal-area plot of all site-mean directions. (D) Mean normal and reversed directions of site means, plotted with present-day field position, the middle Paleocene direction (Diehl and others, 1983) , and the antipode to the expected Paleocene direction. Ellipse around mean direction represents 95% confidence cone (Fisher, 1953) . Reversed-polarity paleomagnetic poles have been inverted to the northern hemisphere for comparison with normal-polarity poles.
Mean paleomagnetic directional data from the Lebo and Tongue River Members of the Fort Union Formation
Dual polarity lines and sites are for C29n-C26r, inclusive.
for some zones there were too few site-mean directions to calculate a meaningful paleomagnetic direction, thus individual lines were used.
Paleomagnetic directional data for all normal and reversed zones, and a dualpolarity mean direction, was calculated based on site mean data (table 2, fig. 5 , Appendices 2 and 3). The mean normal declination and inclination for sites is 330.9°a nd 62.7°(nϭ28; a95ϭ6.3°). The mean reversed declination and inclination for sites is 161.2°and Ϫ59.1°(nϭ7; a95ϭ21.5°). The dual-polarity mean direction (that is, all declinations and inclinations converted to normal polarity) for sites is 333.1°and 62.1°( nϭ35; a95ϭ6.2°). Using the mean normal and reversed directions for sites, the null hypothesis of anti-parallelism cannot be rejected with greater than 95 percent confidence, and the critical angle of the reversal test implies a positive result of class C (McFadden and McElhinny, 1990) .
We calculate a combined dual-polarity paleomagnetic pole from the Lebo and Tongue River Members, from the mean of 35 site-mean virtual geomagnetic poles, at 71.7°N, 171.5°E (nϭ35; Kϭ9.2, A95ϭ8.4°). This result is indistinguishable from the equivalent site-mean pole derived from the approximately coeval (earliest Paleocene) Ludlow Member of the Fort Union Formation east of the Cedar Creek Anticline (Peppe and others, 2009) , as well as from the Edmonton Group in polarity Chron C29 (Lerbekmo and Coulter, 1985) and from the Montana intrusions at 61 to 67 Ma (Diehl and others, 1983) . 
Relationship of Polarity Stratigraphy to GPTS
The pattern of magnetic polarity reversals in the Cowboy Mesa and Signal Butte sections is constrained by the K-Pg boundary and pollen biostratigraphy, which can be used to guide correlation of our local magnetostratigraphy to the GPTS. In the Powder River Basin, the K-Pg boundary is roughly coincident with the Fort Union-Hell Creek/ Lance formational contact Nichols and others, 1992; Brown, 1993) . The base of the Lebo Member in the northeastern Powder River Basin is at least 50 m above the basal Fort Union formational contact (for example, Vuke and others, 2001) , thus the base of our magnetostratigraphic section is at least 50 m above the K-Pg boundary. In the adjacent Williston Basin, the K-Pg boundary has been well documented to be within C29r (Archibald and others, 1982; Lerbekmo and Coulter, 1984; Swisher and others, 1993; Hicks and others, 2002; Peppe and others, 2009) . Therefore, the lower normal polarity interval at Cowboy Mesa (Aϩ in fig. 2 ) must correlate to one of the early Paleocene normal-polarity Chrons (C29n, C28n, C27n) because correlation to C30n would mean that the Tullock Member of the Fort Union Formation was deposited during the late Cretaceous, which is impossible based on well documented fossil evidence (for example, Williams, ms, 1988; Nichols and others, 1992; Brown, 1993; Wilf and others, 2006; Peppe, ms, 2009) .
The uppermost strata of the Lebo and all of the Tongue River strata at Cowboy Mesa and Signal Butte are within palynostratigraphic zone P3 (Belt and others, 2004) . In the adjacent Williston Basin, this pollen zone first occurs in the Little Missouri River Valley within C28r at ϳ64.1 Ma (Warwick and others, 2004; Peppe and others, 2009) and in the Ekalaka area at ϳ64.0 Ma others, 2002, 2004) . 40 Ar/ 39 Ar dates from the Williston Basin suggest that the P3-P4 pollen zone boundary occurs at ϳ61 Ma (Nichols, 2003; Belt and others, 2004) . Thus, it is unlikely that the uppermost reversed interval (FϪ in fig. 2 ) is younger than C26r. Given these minimum and maximum age constraints, we propose the following correlation to the GPTS for the polarity stratigraphy at Cowboy Mesa and Signal Butte: Aϩ to C29n, BϪ to C28r, Cϩ to C28n, DϪ to C27r, Eϩ to C27n, and FϪ to C26r ( fig. 2 ). (2004)], and the entire set of polarity zone correlations from Cowboy Mesa and Signal Butte would be: Aϩ to 30n, BϪ to 29r, Cϩ to 29n, DϪ to 28r, Eϩ to 28n, FϪ to 27r. This correlation is highly improbable for two reasons. First, as discussed in Belt and others (2004) the ash was collected from a lignite bed assigned to pollen zone P3. The pollen zone P2-P3 boundary in the adjacent Williston Basin occurs at ϳ64 to 64.1 Ma. Thus, if correct, the date suggests a significant diachroneity of 400 to 500 kyr in the pollen zonation between the adjacent Powder River and Williston Basins. Second, it would mean that the lowermost Lebo strata at Cowboy Mesa, and thus the ϳ50 m thick Tullock Member is Cretaceous in age, which contradicts fossil evidence (see above discussion). Given that the magnetostratigraphic correlation implied by the date presented in Belt and others (2004) is implausible, we suggest that the 40 Ar/ 39 Ar date of 64.56 Ϯ 0.43 Ma must be anomalously old for the interval. Belt and others (2004) mention the discrepancy in the date from Signal Butte and the pollen zonation, and they suggest that the difference in the dates between the Williston Basin ashes and the Signal Butte ash may be the result of inter-laboratory variation. Alternatively, the anomalously old date may be due to inheritance of older volcanic crystals into the erupted ash. Preliminary U-Pb dates of zircons from the same ash were also all anomalously old (Bowring and others, 2008) , suggesting a potential bias in ages due to inheritance. Further work focused on dating this and the other ash beds from Cowboy Mesa and Signal Butte may help to resolve this discrepancy.
Duration of the Lebo and Tongue River Members
Using the stratigraphic thickness of each polarity zone (table 1) and age estimates from seafloor spreading models (Cande and Kent, 1995; Ogg and Smith, 2004) and stable, long eccentricity cyclicity calculations (Westerhold and others, 2008) we can calculate the sedimentation rate of each polarity zone in our magnetostratigraphic section and the duration of the Lebo and Tongue River Members (table 3) . The primary calibration points used in this study were the base of C28r, which ranges from 64.572 Ma (Westerhold and others, 2008) to 63.976 Ma (Cande and Kent, 1995) , and the top of C27n, which ranges from 62.154 Ma (Westerhold and others, 2008) to 60.920 Ma (Cande and Kent, 1995) .
Assuming no hiatuses in deposition, there would appear to be a change in sedimentation rate in C27r, which spans the Lebo-Tongue River contact ( fig. 6 ). The member boundary has been suggested to be unconformable by Belt and others (2004) based on a series of paleo-valleys in the Terry Badlands and the intensely burrowed unit at the base of the Tongue River Member. The change in sedimentation rates noted by our work is consistent with the hypothesis that the formational contact is unconformable. To estimate the duration of the Lebo and Tongue River Members and the duration of the unconformity represented by the lithologic contact, we constructed two age models. The first model uses different sedimentation rates for the Lebo and Tongue River Members, and the second model uses the same sedimentation rate for the Lebo and Tongue River Members. In the following discussion, the quoted ranges in estimated ages and durations of sedimentation arise from the four alternative GPTS calibrations (Cande and Kent, 1995; Ogg and Smith, 2004 ; and two estimates from Westerhold and others, 2008) .
In the first model the duration and age of the Lebo Member is estimated using the average sedimentation rate from C28r and C28n, and the duration and age of the Tongue River is estimated using an average sedimentation rate for C27n (table 3) . Using the former sedimentation rate and a total thickness of 89 m for the Lebo Age model 1 uses different sedimentation rates for the Lebo and Tongue River Members. The duration of the Lebo is calculated using the sedimentation rate for C28r and C28n. The duration of the unconformity uses the sedimentation rate for C28r and C28n for the Lebo portion of C27r and uses the rate for C27n for the Tongue River portion of C27r. The duration of the Tongue River uses the sedimentation rate for C27n.
Age model 2 uses the same sedimentation rate for the Lebo and Tongue River Members. The duration of the Lebo, the Tongue River, and the unconformity use the sedimentation rate for C28r, C28n, and C27n.
* million years; † meters/million years; § base of chron, million years ago; ¥ top of chron, million years age. Member, the calculated duration is estimated to be between 1.304 and 1.74 million years (table 3) . Thus, our oldest estimated age for the top of the Lebo Member is 63.39 Ma, and the youngest is 62.41 Ma (table 3) . Using the latter sedimentation rate and a total thickness of 54.7 m for the Tongue River Member, the calculated duration is estimated to be 1.42 to 1.61 million years (table 3) . Therefore the youngest age estimate for the top of the Tongue River Member exposed at Signal Butte is 60.38 Ma, and the oldest is 61.68 Ma (table 3). Assuming that the member-contact unconformity coincided with the change in sedimentation rates in C27r ( fig. 6 ), the duration of the unconformity is calculated using the sedimentation rate for C28r and C28n for the Lebo Member portion of C27r, and using the rate of C27n for the Tongue River portion of C27r. Using these two different rates, the duration of the unconformity at the Lebo-Tongue River contact is estimated to be 0.26 to 0.41 million years long.
In the second model the duration and age of the Lebo and Tongue River Members and the unconformity at the formational contact is calculated using average sedimentation rates from C28r, C28n, and C27n, but excluding C27r (table 3) . We estimate the duration of the Lebo Member to be between 1.33 and 1.76 million years, and the youngest age for the top of the Lebo Member is 62.40 Ma and the oldest is 63.39 Ma (table 3). The duration of the Tongue River Member is estimated to be between 1.00 and 1.25 million years (table 3). The estimate for the youngest age for the top of the Tongue River Member at Signal Butte is 60.54 Ma and the oldest is 61.86 Ma (table 3) . Using this combined constant sedimentation rate for strata correlated to the beginning and late stages of C27r, we estimate the duration of the unconformity to be between 0.50 and 0.62 million years (table 3) .
The first age model is a more conservative approach for estimating the duration of the Lebo and Tongue River Members, because it uses different sedimentation rates to calculate their members' durations. The major sedimentological differences between the two members, such as the increase in clay content in the Tongue River Member, suggest that they most likely had different depositional rates, and thus favor using the first model to calculate the durations of deposition within the Lebo and Tongue River Members. However, the second model is a more conservative approach for calculating the duration of the hiatus, because it assumes a constant rate of deposition instead of predicting a change in sedimentation rate in the middle of the unconformity. Thus, the second model is probably a more accurate estimate for the duration of the unconformity. Future work dating the ash beds in the Cowboy Mesa and Signal Butte sequence may help to resolve this issue.
Unconformities and Age Relationships Across the Miles City Arch
It has been suggested that the Ludlow-Tongue River formational contact in the Williston Basin and the Lebo-Tongue River contact in the Powder River Basins are both unconformable (Moore, 1976; Belt and others, 2002; Belt and others, 2004; Peppe, ms, 2009; Peppe, 2010) . Based primarily on palynostratigraphy and radiometric age determinations, Belt and others (2004) suggested that the Lebo-Tongue River contact was approximately 2 million years older in the northeastern Powder River Basin than the Ludlow-Tongue River contact in the Williston Basin. Our paleomagnetic results from the Powder River Basin can be correlated across the Miles City Arch to contemporaneous strata in the Williston Basin to test this hypothesis.
Based on sedimentation rates, the top of the Ludlow Member in the Williston Basin has been estimated to be ϳ63 Ma (minimum estimate ϭ 62.9 Ma, maximum estimate ϭ 63.2 Ma) (Peppe and others, 2009) . Using the sedimentation rates coupled with radiometric age estimates, Peppe (2010) No pollen data Fig. 7 . Chronostratigraphy of early Paleocene strata in the Powder River and Williston Basin showing the approximate age and duration of unconformities at the Lebo-Tongue River and Ludlow-Tongue River formational contacts in each basin. The base of the unconformity occurs at ϳ63 Ma in both basins, but the duration of the unconformity is approximately 1.5 Myr longer in the Williston Basin. GPTS ϭ Geomagnetic polarity time scale from Ogg and Smith (2004) . Gray sections indicate the inferred temporal extents of the unconformities. Column labeled "Formation" indicates lithostratigraphic formations and members. Stars indicate the stratigraphic positions of the two ash beds that were isotopically dated. The lower ash bed is dated to 64.1 Ϯ 1.8 Ma (Warwick and others, 2004) , and the upper ash bed is dated to 61.06 Ϯ 0.33 Ma (Belt and others, 2004) . Marker beds ϭ key stratigraphic beds in the Fort Union Formation in the Williston Basin. Polarity stratigraphy for the Williston Basin is after Peppe and others (2009) and Peppe (ms 2009 Peppe (ms , 2010 and for the Powder River Basin from this report. In the Powder River Basin, the polarity stratigraphy can be related to the following chrons of the GPTS: Aϩ ϭ C29n, BϪ ϭ C28r, Cϩ ϭ C28n, DϪ ϭ C27r, Eϩ ϭ C27n, FϪ ϭ C26r. Approximately 500 kyr of C27r is missing. In the Williston Basin, the polarity stratigraphy can be related to the following chrons of the GPTS: Aϩ ϭ C30n, BϪ ϭ C29r, Cϩ ϭ C29n, DϪ ϭ C28r, Eϩ ϭ C28n, F-(1) ϭ C27r, F-(2) ϭ C26r. The top of C27r, all of C27n, and the base of C26r appear not to be present in the Williston Basin. Floral zone ϭ megafloral biostratigraphic zones (Peppe, 2010) . Pollen zone ϭ palynostratigraphic zonation defined by Nichols and Ott (1978) and refined by Nichols (2003) . The stratigraphic placements of the pollen zone boundaries are based on descriptions in Nichols (2003) , Belt and others (2004) , and Warwick and others (2004) . Ma) and that the duration of the unconformity at the Lebo-Tongue River contact is ϳ450 kyr (minimum ϭ 258 kyr, maximum ϭ 615 kyr). Together, these data indicate that the upper contact of the Lebo Member in the Powder River Basin and the Ludlow Member in the Williston Basin, and the onset unconformities in both basins, was contemporaneous at ϳ63 Ma ( fig. 7) . These results do not support the hypothesis of Belt and others (2004) that the Williston Basin unconformity was ϳ2 million years younger than the unconformity in the Powder River Basin, but instead suggest that the onset of the unconformities in both basins occurred at approximately the same time. Interestingly, these results also suggest that the duration of the Williston Basin unconformity at the Ludlow-Tongue River contact is ϳ1.75 million years greater than the duration of the unconformity at the Lebo-Tongue River contact in the Powder River Basin.
Magnetostratigraphic work in southwestern Alberta suggest that there are depositional hiatuses in C28r, C28n, C27r, C27n, and C26n (Lerbekmo and Sweet, 2008) . In particular, Lerbekmo and Sweet (2008) document an approximately 1 Myr long unconformity in C27r and C27n, which is roughly coincident with the unconformities in the Powder River and Williston Basins. This suggests that there may have been a regionally extensive unconformity at ϳ63 Ma across the northern Great Plains of North America. Future geochronologic and geologic work should be focused on addressing this possibility and its potential causes.
conclusions Paleomagnetic analyses from the Lebo and Tongue River Members of the Fort Union Formation in the northeastern Powder River Basin, document a series of polarity reversals that can be correlated to C29n-C26r of the GPTS. Using these data and age estimates for the magnetic polarity chrons (Cande and Kent, 1995; Ogg and Smith, 2004; Westerhold and others, 2008) , we have estimated the duration of the Lebo and Tongue River Members of the Fort Union Formation using two different sedimentation-rate models and provided additional evidence for an unconformity at the formational contact. The duration of deposition of the Lebo Member is between 1.31 and 1.76 million years, and the duration of deposition of the Tongue River Member exposed on Signal Butte is between 1.00 and 1.61 million years. There is an apparent decrease in sedimentation rates in C27r, which spans the formational contact, supporting the unconformity hypothesis of Belt and others (2004) . Using sedimentation rates for the Tongue River Member, we estimate the duration of the hiatus to be 0.26 and 0.62 million years long. The base of the unconformity is at the oldest 63.39 and at the youngest 62.40 Ma and the top of the unconformity is at the youngest 61.78 and at the oldest 62.75 Ma. This evidence indicates that the unconformity is ϳ2 million years younger than suggested by Belt and others (2004) . The unconformity may be similar in age to middle Paleocene unconformities in the Williston Basin (Moore, 1976; Belt and others, 2004; Peppe, ms, 2009; Peppe, 2010) and in the Alberta area (Lerbekmo and Sweet, 2008) , suggesting that it may be regionally extensive in the northern Great Plains of North America. acknowledgments This work was supported by the David and Lucile Packard Foundation, the Geological Society of America, Sigma Xi, the Yale University Department of Geology and Geophysics, and the Denver Museum of Nature and Science. Thanks to Darren Larson, Rich Barclay, Michele Reynolds, Holly Owens, Jane Stammer, Jessica Leon-Guerrero, Nicole Boyle, Frederike Verbruggen, Jason Hicks, Dena Meade-Hunter, and Tessy Menotti for assistance in the field, and to Ross Mitchell for assistance plotting figure 4. We thank two anonymous reviewers for comments that significantly improved this manuscript. We thank Ed Belt for discussions about the potential for a regional unconformity and for his excitement and encouragement towards our work on this project. Special thanks to William "Butch" Krutzfeld for access to Cowboy Mesa and Signal Butte. Unit ϭ stratigraphic bed; unit thickness ϭ total thickness of stratigraphic unit in centimeters; total thickness ϭ total thickness of the stratigraphic section in centimeters. Lithology ϭ lithologic description of each stratigraphic unit: vfg ϭ very fine grained; fg ϭ fine grained; ms ϭ mudstone; zms ϭ silty mudstone; carb sh ϭ carbonaceous shale; sms ϭ sandy mudstone; zs ϭ siltstone; ss ϭ sandstone; covered ϭ no exposure. 10.9 ‡ number of samples used for site mean calculation; * geomagnetic declination; † geomagnetic inclination.
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